Lysophosphatidic acid (LPA), a simple phospholipid, plays a critical role in the establishment of pregnancy in pigs. LPA production is mediated by the action of ENPP2, a secreted lysophospholipase D (lysoPLD) that converts lysophosphatidylcholine to LPA. However, the mechanism that regulates LPA production by ENPP2 in the porcine uterus is not well understood. In this study, we evaluated ENPP2 expression during the estrous cycle and pregnancy in the uterine endometrium and in early stage conceptuses. We also evaluated lysoPLD activity in the uterine lumen. ENPP2 transcripts and proteins were detected in the uterine endometrium at all stages of the estrous cycle and pregnancy, with higher levels on Day (D) 12 and D15 of the estrous cycle and pregnancy. ENPP2 expression was localized mainly in luminal and glandular epithelial cells in the endometrium and was also detected in conceptuses on D12 of pregnancy. Secreted ENPP2 protein was detected in fluid flushing samples from the uterine lumen on D12 of the estrous cycle and pregnancy, with higher levels on D12 of pregnancy. LysoPLD activity was detected in uterine flushings on D12 of the estrous cycle and pregnancy, with higher levels on D12 of pregnancy. This study showed that uterine endometrium and conceptuses produce ENPP2 and secreted it into the uterine lumen where it has lysoPLD activity. These results suggest that ENPP2 may play an important role in the establishment of pregnancy in pigs by regulating LPA production at the maternal-conceptus interface.
INTRODUCTION
Embryo implantation requires appropriate interactions between the conceptus and the maternal uterus, which involves a variety of molecules including steroid hormones, cytokines, adhesion molecules, and growth factors [1, 2] . Among these molecules, lipid mediators, such as steroid hormones and prostaglandins (PGs), are essential for implantation and maternal recognition of pregnancy. The involvement of other lipid molecules, however, is poorly understood.
Lysophosphatidic acid (LPA) is a lysophospholipid that has a fatty acyl chain at the sn-1 or sn-2 position and a free phosphate group [3] . Its biological functions are mediated through at least six specific LPA receptors (LPAR), LPAR1-6 [4] . Accumulating evidence indicates that LPA affects many reproductive processes in vertebrates [5] . In mice, LPA signaling through Lpar3 is associated with embryo implantation and embryo spacing [6] . Recently, we reported that the LPAR3 gene is expressed in the uterine endometrium, with the highest levels on Day (D) 12 of pregnancy, when the conceptus begins to implant in pigs. We also reported that LPA affects endometrial PTGS2 expression, suggesting it has a role in the establishment of pregnancy in pigs [7] .
LPA is present in various extracellular body fluids, including serum [8] [9] [10] [11] , saliva [12] , seminal plasma [13] , and follicular fluids [14] and is also present in the fluids of the uterine lumens in pigs [7] and sheep [15] . There are many structurally diverse forms of LPA with various lengths and saturation levels of the fatty acyl side chain [8, 16] . LPA production and release into extracellular body fluids involve hydrolysis of lysophospholipids, mainly lysophosphatidylcholine (LPC), by at least two enzymes: phospholipase A1 and A2 (PLA1/PLA2) and lysophospholipase D (lysoPLD) [17] . PLA1 and PLA2 hydrolyze fatty acyl chains bound to the sn-1 and sn-2 positions of the phospholipid, respectively, generating lysophospholipid (LPL) [17] . The head group of LPL is subsequently cleaved by lysoPLD and converted to LPA. Ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), also known as autotaxin, is a tumor cell autocrine motility factor [18] . Purified extracellular lysoPLD has the same effect as ENPP2 [19, 20] . Thus, ENPP2 is considered to be the secreted lysoPLD responsible for producing and releasing LPA into extracellular body fluids.
We have shown in pigs that several LPA species are present in the uterine lumen. Furthermore, the levels of some LPA species in uterine luminal fluids are higher on D12 of pregnancy than on D12 of the estrous cycle [7] , suggesting that LPA production in the uterine lumen is regulated differently during the estrous cycle than during pregnancy. In pigs, PLA2 activity has been detected in the uterine endometrium during the estrous cycle and early pregnancy at the same levels of activity [21] . ENPP2 expression and ENPP2 activity, however, have not been studied in the porcine uterine endometrium. To understand the regulation of LPA production at the maternal-conceptus interface in pigs, we must first determine expression and function of ENPP2 in the uterine endometrium and conceptus. ENPP2 expression has been detected in the uterine endometrium and conceptus of sheep with higher levels in the conceptus during early pregnancy, consistent with the LPA increase in the uterine lumen [15] . Thus, we hypothesized that ENPP2 produces uterine LPA, that LPA in the uterine lumen increases during early pregnancy, and that LPA plays an important role in the establishment of pregnancy in pigs.
Therefore, to understand the role of ENPP2 in LPA production in the uterine endometrium of pigs, we determined (1) the spatial and temporal expression of ENPP2 in the uterine endometrium during the estrous cycle and pregnancy; (2) the expression of ENPP2 in conceptuses during early pregnancy; (3) the secretion of ENPP2 protein into the uterine lumen on D12 of the estrous cycle and pregnancy; and (4) the lysoPLD activity of ENPP2 in the uterine fluid flushings from D12 of the estrous cycle and pregnancy.
MATERIALS AND METHODS

Animals and Tissue Collection
All experimental procedures involving animals were conducted in accordance with the Guide for Care and Use of Research Animals in Teaching and Research and approved by the Institutional Animal Care and Use Committee of Yonsei University. Sexually mature crossbred female gilts were assigned randomly to either cyclic or pregnant status. Twenty-four gilts were hysterectomized on D12 or D15 of the estrous cycle and on D12, D15, D30, D60, D90, or D114 of pregnancy (n ¼ 3 gilts/day/status; term ¼ 114 days) immediately after the animals were slaughtered. Pregnancy was confirmed by the presence of apparently normal filamentous conceptuses in uterine flushings on D12 and D15 of pregnancy and the presence of embryos and placentas during the later days of pregnancy. Uterine flushings from D12 of the estrous cycle and pregnancy were obtained by introducing and recovering 50 ml of PBS (pH 7.4) at hysterectomy (25 ml/uterine horn). Uterine flushing samples were clarified by centrifugation (3000 3 g for 10 min at 48C), divided into aliquots, and frozen at À808C until analyzed.
Endometrial tissues, dissected free from myometrium, were collected from two different areas of the middle portion of each uterine horn, snap-frozen in liquid nitrogen, and stored at À808C for RNA and protein extraction. For in situ hybridization and immunohistochemistry, cross-sections of endometria and conceptuses were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 24 h and then embedded in paraffin as previously described [22] .
Total RNA Extraction and Cloning of Porcine ENPP2 cDNA Total RNA was extracted from endometrial tissues using TRIzol reagent (Invitrogen Life Technology, Carlsbad, CA) according to the manufacturer's recommendations. The quantity of RNA was assessed spectrophotometrically, and the integrity was validated by electrophoresis on a 1% agarose gel.
Four micrograms of total RNA was treated with DNase I (Promega, Madison, WI) and reverse transcribed using SuperScript II reverse transcriptase (Invitrogen) to obtain cDNA. The cDNA templates were then diluted 1:4 with sterile water and amplified by PCR using Taq polymerase (Takara Bio, Shiga, Japan) and specific primers (forward, 5 0 -CAA GAC AAA ATC AAA CAG TAT GTG G-3 0 ; and reverse, 5 0 -CTT CTA CCC ACT TGG ACT CAT CTT-3 0 ), based on the predicted mRNA sequence of porcine ENPP2 (GenBank accession number XM_003125509.1). PCR conditions were 35 cycles at 948C for 45 sec, 548C for 45 sec, and 728C for 1 min. PCR products of the expected size (205 bp) were separated on 2% agarose gels and visualized by ethidium bromide staining. The identity of each PCR product was verified by sequence analysis after cloning into the pCRII vector (Invitrogen).
Northern Blot Analysis
Total RNA (20 lg) was electrophoresed on 1% 3-(N-morpholino) propanesulfonic acid-formaldehyde agarose gels. RNA was transferred overnight onto a nylon membrane in 203 sodium chloride-sodium citrate (SSC). The RNA probes for ENPP2 were labeled with digoxigenin-uridine 5 0 -triphosphate (DIG-UTP), using a DIG RNA labeling kit (Roche, Indianapolis, IN). After transfer, the RNA was fixed to the blot by ultraviolet cross-linking (120 mJ). The blot was prehybridized and hybridized at 688C, using DIG Easy Hyb (Roche). The blot was washed in a low stringency buffer (23 SSC and 0.1% SDS) twice for 5 min each at room temperature and in high stringency buffer (0.13 SSC and 0.1% SDS) twice for 15 min each at 688C. After all washes, signals were detected by an alkaline phosphatase reaction (Roche) and exposure to X-ray film (Agfa-Gevaert, Mortsel, Belgium).
Quantitative Real-Time RT-PCR
To analyze levels of ENPP2 mRNAs in the uterine endometrium, real-time RT-PCR was performed using StepOnePlus system (Applied Biosystems, Foster City, CA), using the SYBR Green method. Complementary DNAs were synthesized from 4 lg of total RNA isolated from different uterine endometrial tissues. Newly synthesized cDNAs (21 ll) were diluted 1:4 with sterile water and then used for PCR. Specific primers based on porcine ENPP2 (forward, 5 0 -CAA GAC AAA ATC AAA CAG TAT GTG G-3 0 ; reverse, 5 0 -CTT CTA CCC ACT TGG ACT CAT CTT-3 0 [GenBank accession number XM_003125509.1]) and porcine ribosomal protein L7 (RPL7; forward, 5 0 -AAG CCA AGC ACT ATC ACA AGG AAT ACA-3 0 ; reverse, 5 0 -TGC AAC ACC TTT CTG ACC TTT GG-3 0 [GenBank accession number NM_001113217]) were designed to amplify 205 bp and 172 bp fragments, respectively, from the cDNA. The Power SYBR Green PCR Master Mix (Applied Biosystems) was used for PCR reactions. The final 20-ll reaction volume included 2 ll of cDNA, 10 ll of 23 Master Mix, 2 ll of each primer, and 4 ll of dH 2 O. PCR conditions were 958C for 10 min, followed by 40 cycles of 958C for 15 sec, 608C for 35 sec, and 728C for 45 sec. Results are reported as the expression relative to the levels on D12 of the estrous cycle after normalizing to the endogenous RPL7 control by the 2
ÀDDCt method [23] .
Nonradioactive In Situ Hybridization
The nonradioactive in situ hybridization procedure was performed as described previously with some modifications [24] . Sections (5 lm thick) were rehydrated through successive baths of xylene, 100% ethanol, 95% ethanol, diethylpyrocarbonate (DEPC)-treated water, and DEPC-treated PBS. Tissue sections were boiled in citrate buffer (pH 6.0) for 10 min. After being washed in DEPC-treated PBS, the sections were digested using 5 lg/ml proteinase K (Sigma) in TE (100 mM Tris-HCl, 50 mM EDTA, pH 7.5) at 378C. After tissues were fixed in 4% paraformaldehyde, sections were incubated twice for 15 min each in PBS containing 0.1% active DEPC and equilibrated for 15 min in 53 SSC. Sections were prehybridized for 2 h at 688C in hybridization mixture (50% formamide, 53 SSC, 500 lg/ml herring sperm DNA, 250 lg/ml yeast tRNA, 0.2% hybridization reagent). Sense and antisense ENPP2 riboprobes labeled with DIG-UTP were denatured for 5 min at 808C and added to the hybridization mixture. The hybridization reaction was carried out at 688C overnight. Prehybridization and hybridization reactions were performed in a box saturated with a 53 SSC-50% formamide solution to avoid evaporation, and no coverslips were used. After hybridization, sections were washed for 30 min in 23 SSC at room temperature, then for 1 h in 23 SSC at 658C, and finally for 1 h in 0.13 SSC at 658C. Probes bound to the section were detected immunologically using sheep anti-DIG Fab fragments covalently coupled to alkaline phosphatase and nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl phosphate (toluidine salt) as chromogenic substrate, according to the manufacturer's protocol (Roche).
Protein Isolation and Immunoblot Analysis
Endometrial and conceptus tissues were homogenized in lysis buffer (1% Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, 10 mM Tris, 1 mM EDTA, 0.2 mM Na 3 VO 3 , 0.2 M PMSF, and 0.5 lg/ml NaF) at a ratio of 100 mg tissue:1 ml buffer, and cellular debris was removed by centrifugation (16 500 3 g for 5 min). Protein concentrations in endometrial lysates and uterine flushings were determined using the Bradford protein assay (Bio-Rad Laboratories, Richmond, CA) with bovine serum albumin as the standard. Twenty micrograms of endometrial protein lysate or 10 lg of protein from uterine flushings was loaded in each lane and electrophoresed on 12% SDSpolyacrylamide gels followed by electrotransfer onto nitrocellulose membranes. Nonspecific binding was blocked with 5% (w/v) fat-free milk in Tris-buffered saline with 0.1% (v/v) Tween-20 (TBST) buffer for 1 h at room temperature. The blot was incubated overnight at 48C with 0.5 lg/ml rabbit polyclonal anti-ENPP2 antibody, which detects the carboxyl terminus of the ENPP2 protein (CosmoBio, Tokyo, Japan) diluted in 2% milk-TBST. The blot was washed in TBST at room temperature three times for 10 min each, incubated with peroxidase-conjugated goat anti-rabbit secondary antibody (1:20 000 dilution; Jackson Laboratories, West Grove, PA) for 1 h at room temperature, and rinsed again for 30 min at room temperature with TBST. Immunoreactive proteins were detected by chemiluminescence (SuperSignal West Pico, Pierce Chemical Co, Rockford, IL) according to the manufacturer's recommendations, using Xray film (Agfa-Gevaert). Blots were reblotted with rabbit polyclonal anti-bactin (ACTB) antibody (1:5000 dilution; Sigma) to assess for consistent loading. The integrated optical density of ENPP2 and ACTB bands in the immunoblots was quantified by scanning densitometry using an HP1210 model scanner (HP, Seoul, Korea) and a GelPro analyzer (Media Cybernetics, Silver Spring, MD). Values are presented as the ratio of each ENPP2 signal to the corresponding ACTB signal.
Immunohistochemical Analysis
To determine which cells in the porcine endometrium expressed ENPP2, sections were immunostained. Sections (5 lm thick) were deparaffinized and SEO ET AL. rehydrated in an alcohol gradient. Antigen retrieval was performed by boiling tissue sections in citrate buffer (pH 6.0) for 10 min. Tissue sections were washed with PBS with 0.1% (v/v) Tween-20 (PBST) three times and blocked with 0.5% (v/v) H 2 O 2 in methanol for 30 min. Tissue sections were then blocked with 10% normal goat serum for 30 min at room temperature. Rabbit polyclonal anti-ENPP2 antibody (1 lg/ml; CosmoBio) was added and incubated overnight at 48C in a humidified chamber. For each tissue tested, purified normal rabbit immunoglobulin G (IgG) was substituted for the primary antibody as a negative control. Tissue sections were washed with PBST three times. Biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, Burlingame, CA) was added and incubated for 1 h at room temperature. Following washes with PBST, a streptavidin peroxidase conjugate (Zymed, San Francisco, CA) was added to the tissue sections, which were then incubated for 10 min at room temperature. Sections were washed with PBST, and aminoethyl carbazole substrate (Invitrogen) was added to the tissue sections, which were then incubated for 10 min at room temperature. Tissue sections were washed in water, counterstained with Mayer hematoxylin, and coverslipped.
LysoPLD Activity Assay
LysoPLD activity in uterine flushings was estimated by measuring the amount of choline released from exogenous LPC, as previously described [25] . Uterine flushings were obtained on D12 of the estrous cycle and pregnancy. Total protein (20 lg) from uterine flushings was incubated with 1 mM LPC (16:0) in 100 mM Tris buffer (pH 9.0) containing 500 mM NaCl, 5 mM MgCl 2 , and 0.05 % Triton X-100 for 2 h at 378C. For the colorimetric reaction, choline oxidase (3 unit/ml), horseradish peroxidase (1 unit/ml), and 1 mM 2,2 0 -azinobis(3-ethylbenzthiazoline-6-sulfonic acid) were added to the reaction mixture. After the mixture was incubated for 5 min at room temperature, absorbance at 415 nm was measured.
Statistical Analyses
Data from real-time RT-PCR and immunoblot analyses for ENPP2 expression were analyzed by least squares ANOVA using the general linear models procedures (SAS, Cary, NC). As sources of variation, the model included day, pregnancy status (cyclic or pregnant, D12 and D15 post-estrus), and their interactions to evaluate the steady state levels of ENPP2 mRNA and protein. The effects of day of pregnancy (D12, D15, D30, D60, D90, and D114) on ENPP2 mRNA and protein expression were analyzed by least squares regression analysis. Data are presented as least squares means 6 SEM. Data from immunoblot analyses for ENPP2 protein levels in uterine flushings and data from measurements of lysoPLD activity were subjected to the t-test procedure (SAS) and are presented as means 6 SEM.
RESULTS
Expression and Cell-Specific Localization of ENPP2 mRNA in the Uterine Endometrium During the Estrous Cycle and Pregnancy in Pigs
To determine whether ENPP2 is expressed in the porcine uterine endometrium, we first cloned a 205-bp fragment of the ENPP2 cDNA, using RT-PCR. Northern blots using this fragment detected a single ENPP2 mRNA band of approximately 3 kb in the total endometrial RNA from cyclic and pregnant pigs (Fig. 1A) . Real-time RT-PCR analysis showed that ENPP2 mRNA levels on D12 and D15 post-estrus were not affected by day, pregnancy status, or their interaction. During pregnancy, steady-state levels of ENPP2 mRNA were higher on D12 and D15 than later in pregnancy (quadratic effect of day, P , 0.01) (Fig. 1B) .
Using in situ hybridization analysis, we determined that ENPP2 mRNA was localized primarily to luminal epithelial (LE) cells and glandular epithelial (GE) cells on D12 and D15 of both the estrous cycle and pregnancy (Fig. 2) . During pregnancy, ENPP2 mRNA was detected in LE and GE cells in the endometrium and in mesenchymal cells of the fetal membrane on D30-D114.
Expression and Localization of ENPP2 Protein in the Uterine Endometrium During the Estrous Cycle and Pregnancy in Pigs
Having detected ENPP2 mRNA in the uterine endometrium, we examined ENPP2 protein expression. Immunoblot analysis showed two ENPP2 bands, a higher molecular weight (MW) form with a relative molecular mass (M r ) of 50 000 and a lower MW form with M r of 20 000 (Fig. 3A) , and abundance of the higher MW form was measured. Similar to ENPP2 mRNA levels, steady-state levels of the higher MW ENPP2 on D12 and D15 post-estrus were not affected by day, pregnancy   FIG. 1 . Analysis of expression of ENPP2 mRNA in the porcine uterine endometrium during the estrous cycle and pregnancy. A) A Northern blot for ENPP2 mRNA in the uterine endometrium shows a single band of ENPP2 transcripts. B) Real-time RT-PCR analysis of ENPP2 mRNA in the uterine endometrium. Endometrial tissue samples from cyclic and pregnant gilts (n ¼ 3 per day) were tested. Abundance of mRNA is presented as the expression relative to the level of ENPP2 mRNA measured on D12 of the estrous cycle after normalization of the transcript amount to RPL7. ENPP2 mRNA levels on D12 and D15 post-estrus were not affected by day, pregnancy status, or their interaction (P . 0.05). Levels of ENPP2 mRNA in the endometrium during pregnancy were higher on D12 and D15 than later in pregnancy (quadratic effect of day, P , 0.01). Data are presented as least squares means 6 SEM.
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status, or their interaction. Steady-state levels of the higher MW ENPP2 during pregnancy were higher on D12 and D15 than later in pregnancy (quadratic effect of day, P , 0.01) (Fig.  3B) . Levels of the lower MW ENPP2 protein were not affected by pregnancy status or pregnancy stage (data not shown).
Localization of ENPP2 protein in the porcine uterine endometrium during the estrous cycle and pregnancy was determined by immunohistochemistry. ENPP2 protein was localized primarily to LE and GE cells on D12 and D15 of both the estrous cycle and pregnancy. During D30-D114 of pregnancy, ENPP2 was also detected in LE and GE cells in the endometrium and in mesenchymal cells of the fetal membrane. Interestingly, there was intense ENPP2 staining in specific LE and GE cells. Furthermore, this unique ENPP2 staining was more remarkable in GE on D12 and D15 of the estrous cycle and pregnancy than in LE or GE later in pregnancy (Fig. 4) .
Expression of ENPP2 in Porcine Conceptuses
To determine whether conceptuses also expressed ENPP2, we performed RT-PCR, immunoblot analysis, and immunohistochemistry tests, using conceptuses from D12 of pregnancy. ENPP2 mRNA and protein were expressed in conceptuses from D12 of pregnancy (Fig. 5) .
Secretion of ENPP2 Protein from the Porcine Uterine Endometrium into the Uterine Lumen During the Estrous Cycle and Pregnancy
To test whether the porcine uterine endometrium and conceptus secretes ENPP2 protein into the uterine lumen, total
In situ hybridization analysis of ENPP2 mRNA in the uterine endometrium during the estrous cycle and pregnancy in pigs. ENPP2 mRNA (blue) were localized primarily to LE and GE cells. Representative uterine sections from D12 of the estrous cycle, hybridized with a DIGlabeled sense ENPP2 cRNA probe (Sense) as a negative control, is shown. D, day; C, estrous cycle; P, pregnancy. CM, chorionic membrane; GE, glandular epithelial cells; LE, luminal epithelial cells; St, stroma. Bar ¼ 100 lm.
FIG. 3.
Immunoblot analysis of ENPP2 protein in the uterine endometrium during the estrous cycle and pregnancy in pigs. A) Endometrial tissues from cyclic and pregnant gilts (n ¼ 3 per day) were tested. ACTB was used as a loading control. B) The higher molecular weight ENPP2 protein optical density (OD):ACTB OD ratio was measured by scanning densitometry. ENPP2 protein levels in the endometrium during pregnancy were higher on D12 and D15 than later in pregnancy (quadratic effect of day, P , 0.01). Data are presented as least squares means 6 SEM.
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protein from uterine flushings on D12 of the estrous cycle and pregnancy were analyzed by immunoblotting. ENPP2 protein was detected in the uterine flushings from both D12 of the estrous cycle and of pregnancy (Fig. 6) . Interestingly, both the higher and lower MW ENPP2 bands were detected in the uterine flushings from both D12 of the estrous cycle and those from pregnancy (Fig. 6A) , but their relative expression was opposite that in endometrial tissues; the lower MW ENPP2 was the major form. Levels of the higher MW ENPP2 were not different in the uterine flushings on D12 of the estrous cycle and pregnancy (Fig. 6B) , whereas the lower MW form of ENPP2 protein was present at significantly higher levels in the uterine flushings from D12 of pregnancy than from D12 of the estrous cycle (P , 0.05) (Fig. 6C) .
LysoPLD Activity in the Uterine Lumen During the Estrous Cycle and Pregnancy
Since we determined that ENPP2 protein was secreted into the uterine lumen on D12 of the estrous cycle and pregnancy and that levels of lower MW ENPP2 were higher during pregnancy than during the estrous cycle, we wanted to confirm that higher ENPP2 protein levels represented higher LPA levels on D12 of pregnancy than the estrous cycle. Thus, we measured lysoPLD activity in uterine flushings from D12 of the estrous cycle and pregnancy. LysoPLD activity was estimated by measuring the amount of choline released from exogenous LPC added to uterine flushings from D12 of the estrous cycle and pregnancy. Endogenous choline levels were not different in uterine flushings when LPC was not added. However, when LPC was added, freed choline levels were significantly higher in uterine flushings on D12 of pregnancy than D12 of the estrous cycle (P , 0.05), indicating higher lysoPLD activity in uterine flushings on D12 of pregnancy (Fig. 7) .
DISCUSSION
The novel findings of this study are that (1) the uterine endometrium expresses ENPP2 during the estrous cycle and pregnancy in specific cell types and at specific stages; (2) the uterine endometrium/conceptus secretes ENPP2 protein into the uterine lumen on D12 of the estrous cycle and pregnancy but at higher levels on D12 of pregnancy; (3) conceptuses express ENPP2 on D12 of pregnancy; and (4) ENPP2 in uterine flushings from D12 of the estrous cycle and pregnancy has lysoPLD activity, with higher activity on D12 of pregnancy. To our knowledge, this is the first report characterizing ENPP2 expression and its lysoPLD activity in the uterine endometrium during pregnancy in pigs.
LPA plays roles in diverse physiological processes, such as cell proliferation, differentiation, migration, and survival, acting through specific LPAR signaling pathways [3] . Increasing evidence has shown that LPA signaling plays an important role in the establishment and maintenance of pregnancy [6, 7, 15] . In mice, deleting the Lpar3 gene causes uneven embryo spacing and delayed implantation, which is associated with suppressed PG production [6] . In sheep, LPA has been found in uterine flushings, and LPA increases cell proliferation and production of PGE 2 and PGF 2a in trophectoderm cells [15] . We have shown in pigs that several LPA species are present in the uterine flushings at the time of conceptus implantation and that LPA induces PTGS2 expression in the uterine endometrium [7] . In addition, unpublished data indicate that LPA induces proliferation and migration of porcine trophectoderm cells (Kim, Bazer, and Ka, unpublished results). Interestingly, we found that levels of some LPA species in the uterine lumen are higher on D12 of pregnancy than on D12 of the estrous cycle [7] , suggesting that LPA production in the uterine lumen is regulated. LPA is produced by the cooperative action of PLA1/2 and ENPP2, and ENPP2 plays a key role in catalyzing the final conversion of LPL to LPA [15] . However, little information about expression and activity of ENPP2 in the uterine endometrium in pigs is available.
ENPP2 is a secreted lysoPLD that generates extracellular LPA. Heterozygous Enpp2-deficent mice have half the concentration of plasma LPA [26] . In humans, ENPP2 is expressed in placental trophoblasts [27] . Additionally, serum lysoPLD activity is higher in pregnant than nonpregnant women and increases throughout pregnancy [19, 28] , and ENPP2 IN THE PORCINE UTERUS altered lysoPLD levels during pregnancy have been associated with pathological conditions [29] . In sheep, ENPP2 is expressed in the uterine endometrium and conceptus. Furthermore, ENPP2 expression increases in conceptuses during early pregnancy, which is associated with an LPA increase in the uterine lumen [15] . These reports suggest that ENPP2 plays a critical role in regulating LPA levels at the maternal-fetal interface during pregnancy. Thus, we postulated that ENPP2 expressed at the maternal-conceptus interface regulates LPA production in the uterine endometrium of pigs. Indeed, our results suggest that ENPP2 expressed in the uterine endometrium and conceptus may regulate LPA levels in the uterine lumen.
In this study, ENPP2 mRNA and protein expression levels were highest during early pregnancy, and ENPP2 mRNA and protein expression levels were localized mainly to endometrial epithelial cells. Levels of ENPP2 mRNA and protein on D12 and D15 of pregnancy were similar to those on D12 and D15 of the estrous cycle. This finding corresponds to similar ENPP2 expression in sheep on D12 to D16 of pregnancy and the estrous cycle [15] . From D30 of pregnancy, ENPP2 expression was also expressed in trophoblast and in mesenchymal cells of the chorionic membrane. Although ENPP2 expression was regulated by the stage of pregnancy in the uterine endometrium, the regulation of endometrial ENPP2 expression was not clear. Estrogen increases Enpp2 expression in the immature rat uterus [30] . At the time of implantation in pigs, the elongating conceptus produces estrogen, which is the signal for maternal recognition of pregnancy [1] . In this study, there were no differences in ENPP2 levels between D12 of the estrous cycle and those of pregnancy, suggesting that estrogen produced by the conceptus does not affect ENPP2 expression in the uterine endometrium in pigs.
This study includes interesting observations of the localization of ENPP2 mRNA and protein which raise new questions. ENPP2 protein during mid-to late pregnancy was expressed more strongly in LE than other types of cells, while ENPP2 mRNA was expressed at similar levels in LE and other cell types at the same stage of pregnancy. This discrepancy in ENPP2 mRNA and protein expression in LE is likely to be due to differential post-transcriptional regulation, translational regulation, or both of ENPP2 expression in endometrial cells.
FIG. 5.
ENPP2 expression by conceptuses from D12 of pregnancy. A) RT-PCR analysis of ENPP2 mRNA in conceptuses on D12 of pregnancy using total RNA preparations. RPL7 was used as a positive control. RTase is either with (þ) or without (À) reverse transcriptase. M, molecular marker; D12P Endo, endometrium on D12 of pregnancy; D12 Con, D12 conceptus. B) Immunoblot analysis of ENPP2 protein in D12 of conceptus. ACTB was used as a loading control. C) Immunohistochemistry results of ENPP2 protein in D12 of conceptuses. ENPP2 mRNA (blue) and ENPP2 protein (red) were present in conceptuses from D12 of pregnancy. E, endoderm; T, trophectoderm. Bars ¼ 100 lm and 50 lm (inset).
FIG. 6. Immunoblot analysis of ENPP2 protein levels in uterine flushings from pigs. Uterine flushings were obtained from D12 of the estrous cycle (C) and pregnancy (P) (n ¼ 3 per status), and ENPP2 protein levels were measured by immunoblot analysis. A) Two ENPP2 bands were detected with M r of approximately 50 000 and 20 000. B) Densitometry of higher MW ENPP2 in uterine flushings on D12 of the estrous cycle and pregnancy. C) Densitometry of lower MW ENPP2 in uterine flushings on D12 of the estrous cycle and pregnancy. Levels of lower MW ENPP2 was significantly higher in uterine flushings from D12 of pregnancy than the estrous cycle (*P , 0.05). Data are presented as mean optical density 6 SEM.
Additionally, ENPP2 protein was strongly expressed in some GE cells during the estrous cycle and pregnancy and in LE cells during the estrous cycle and early pregnancy. There are several types of cells in LE and GE, for example, ciliated epithelial cells, nonciliated secretory cells, and infiltrating leukocytes [31] . Which of these cells strongly express ENPP2 is not clear. Whether these cells or cells adjacent to LE and GE secrete ENPP2 into the uterine lumen also is not clear. ENPP2 binds to cell surface integrin beta3 (ITGB3) through its Nterminal domain to generate LPA [32] , and ITGB3 expression in LE and GE has been found in the porcine uterine endometrium [33, 34] . Because ENPP2 was secreted into the uterine lumen in this study, it is possible that ENPP2 secreted by nearby cells is bound to the ENPP2-positive cells, but this is not clear.
Deleting the Enpp2 gene in mice causes problems in allantois formation at Embryonic Day 8.5 and results in fetal death around Embryonic Day 9.5 [26, 35] . LPAR3 protein has been found in allantoic membrane during late pregnancy in pigs [7] . In the present study, ENPP2 was expressed in both endometrial and mesenchymal cells of the fetal membrane from D30 to term. Taken together, these data suggest that ENPP2 produced by the endometrium and fetus may play a role in fetal membrane development by regulating LPA production during mid-to late pregnancy.
A higher MW ENPP2 protein was the major form expressed in endometrial tissues and was expressed at similar levels on D12 of the estrous cycle and pregnancy. In uterine flushings, however, a lower MW ENPP2 protein was the major form, especially on D12 of pregnancy. The lower MW ENPP2 was expressed at significantly higher levels in uterine flushings on D12 of pregnancy than on D12 of the estrous cycle, while the higher MW ENPP2 remained constant. Humans and mice express three tissue-specific ENPP2 isoforms derived from alternative RNA splice variants [36] . As a single ENPP2 transcript was detected in the uterine endometrium in pigs, the different sizes of ENPP2 protein likely result from breakdown of the long ENPP2, not from alternative splicing, by various proteolytic enzymes in uterine lumen derived from the conceptus, endometrium, or both, such as plasminogen activator and plasmin [37] , matrix metalloproteases [38] , and cathepsins [39] . Further biochemical studies should determine which of these enzymes cleaves ENPP2 protein and how ENPP2 is generated in endometrial cells.
Previously, we have shown that various LPA species, such as LPA16:0, LPA18:0, LPA18:1, LPA18:2, and LPA20:4, are present in uterine flushings and that LPA16:0, LPA18:0, and LPA18:2 are present at higher levels on D12 of pregnancy than on D12 of the estrous cycle [7] , suggesting that higher levels of ENPP2 or lysoPLD activity are increased on D12 of pregnancy. This study clearly showed that uterine flushings contained higher levels of ENPP2 protein and higher lysoPLD activity on D12 of pregnancy than the estrous cycle, indicating that higher lysoPLD activity could account for the increased LPA production in the uterine lumen on D12 of pregnancy.
In summary, we found in pigs that expression of ENPP2, an LPA-generating enzyme, in the uterine endometrium during the estrous cycle and the endometrium and conceptuses during pregnancy depends on the pregnancy stage and cell type. The lysoPLD activity of ENPP2 is higher during early pregnancy than the estrous cycle. Even though the biogenesis of ENPP2 in the endometrial and conceptus cells remains to be investigated, differential ENPP2 expression and regulation in the uterine endometrium and conceptus generate LPA at the maternalconceptus interface during early pregnancy. Overall, our findings suggest that the regulation of LPA production by ENPP2 at the maternal-conceptus interface may play a critical role in implantation and the establishment of pregnancy in pigs.
